Budding yeast divides asymmetrically, giving rise to a mother cell that progressively ages and a daughter cell with full lifespan. It is generally assumed that mother cells retain damaged, lifespan limiting materials ("aging factors") through asymmetric division. However, the identity of these aging factors and the mechanisms through which they limit lifespan remain poorly understood. Using a flow cytometry-based, high-throughput approach, we quantified the asymmetric partitioning of the yeast proteome between mother and daughter cells during cell division, discovering 74 mother-enriched and 60 daughterenriched proteins. While daughter-enriched proteins are biased toward those needed for bud construction and genome maintenance, mother-enriched proteins are biased towards those localized in the plasma membrane and vacuole. Deletion of 23 of the 74 motherenriched proteins leads to lifespan extension, a fraction that is about six times that of the genes picked randomly from the genome. Among these lifespan-extending genes, three are involved in endosomal sorting/endosome to vacuole transport, and three are nitrogen source transporters. Tracking the dynamic expression of specific mother-enriched proteins revealed that their concentration steadily increases in the mother cells as they age, but is kept relatively low in the daughter cells via asymmetric distribution. Our results suggest that some mother-enriched proteins may increase to a concentration that becomes deleterious and lifespan-limiting in aged cells, possibly by upsetting homeostasis or leading to aberrant signaling. Our study provides a comprehensive resource for analyzing asymmetric cell division and aging in yeast, which should also be valuable for understanding similar phenomena in other organisms.
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aging | asymmetric cell division | proteome C ellular aging and asymmetric cell division are intimately linked. In budding yeast, asymmetric cell division yields a mother cell and a daughter cell that are easily distinguishable under the microscope. Tracking the fate of the mother lineage led to the discovery that individual mother cells have a finite replicative lifespan, defined by the number of daughters a mother cell produced before senescence (1) . It is known that although the mother cell ages with each division, their daughters retain the same full lifespan independent of the age of the mother at least until the last few mother cell divisions (2, 3) . Thus, the asymmetry in cell division leads to asymmetry of aging.
Even in single-celled organisms in which cell division is seemingly morphologically symmetric, such as fission yeast or Escherichia coli, asymmetric partitioning of cellular contents can still occur and have a differential impact on the aging/death fate of the two offspring (4) (5) (6) (7) (8) . Asymmetric cell division is also a general phenomenon in mammalian cells (e.g., during development or in mitotically active tissues), where cell division typically leads to two cells with distinct fates, often with different replicative potential. It has been argued on theoretical grounds that asymmetric cell division may be favored by natural evolution (9) (10) (11) ; when the accumulation of lifespanlimiting damage outpaces the dilution by symmetric cell division, keeping the damage to one of the two offspring via asymmetric partitioning is a general strategy to avoid population senescence.
It is generally assumed that budding yeast mother cells retain damaged/lifespan-limiting materials (referred to as "aging factors" hereafter), allowing their daughter cells to reset the clock. Indeed, a number of potential aging factors have been reported to accumulate preferentially in mother cells through asymmetric partitioning. One example is extrachromosomal rDNA circles, which are known to be a limiting factor for lifespan (12, 13) and are retained in mother cells (14) (15) (16) . Protein aggregates, carbonylated proteins, and reactive oxygen species have also been reported to distribute asymmetrically between old mothers and their daughters (17) (18) (19) (20) (21) (22) . Preferential retention of membrane transporters in the mother cells has also been associated with lifespan asymmetry (23, 24) . These observations support the general notion that mother cells retain aging factors to themselves, enabling their daughters to rejuvenate. However, a global view of the identities of asymmetrically partitioned aging factors and the mechanism through which they influence lifespan is still lacking.
Significance
In this work, we took a proteome-centric view to analyze the cell division and lifespan asymmetry between mother and daughter cells in budding yeast. Using a flow cytometry-based, highthroughput approach, we quantified the partitioning of the proteome and identified 74 mother-enriched and 60 daughterenriched proteins. Functional analysis of these proteins suggests mechanisms of asymmetric partitioning at an organelle/ suborganelle level. We found that mother-enriched proteins are much more likely to becoming aging factors than those proteins chosen at random. The proposed mechanism, as supported by our single-cell observations, is that these proteins accumulate in old mother cells to a high level that becomes lifespan-limiting. Our work sheds new light on the mechanisms of asymmetric cell division and aging.
In this work, we took a proteome-centric approach to explore cell division asymmetry and its connection to lifespan asymmetry in budding yeast. Using high-throughput proteomics based on a green fluorescent protein (GFP) library and mother cell labeling, we quantified the asymmetric partitioning of the proteome between mother and daughter cells and systematically identified mother-enriched and daughter-enriched proteins. Functional analyses of these proteins suggest that macrostructures are one basis for asymmetric partition. We found that mother-enriched proteins tend to accumulate in mother cells over time and that the deletion mutants are much more likely to extend lifespan than genes chosen at random, arguing that it is the high concentration that limits lifespan. These observations provide a consistent picture of how asymmetric partitioning of the proteome influences lifespan asymmetry, and serve as a starting point for generating new hypotheses on the mechanism of asymmetry and aging.
Results
Identification of Mother-and Daughter-Enriched Proteins by Quantifying the Asymmetric Partitioning of the Yeast Proteome. To systematically identify proteins that are asymmetrically segregated, we have developed a high-throughput approach to measure quantitatively the partition of the whole proteome between mother and daughter cells during cell division. To measure the partition of a GFP-tagged protein from the yeast GFP tagging library, we labeled mother cells with Cy5 and let the population grow for about one generation. The resulting cell population was then subjected to flow cytometry analysis for both the Cy5 and GFP signals (Fig. 1A) . Because the daughter cells synthesize a new cell membrane and cell wall, they do not inherit the surface dye, and thus can be distinguished from the Cy5-positive mothers (Fig. 1B) . Measuring the GFP signal normalized by the cell size (using the side-scatter data) then gives the intensity of the protein in the mother and daughter cell populations. We systematically screened the GFP-tagging library (25) in 96-well plates using a BD Biosciences LSR II flow cytometer with a highthroughput sampler (HTS). Fig. 1C shows the average intensity in mother vs. daughter cells for all ∼4,000 GFP-tagged strains. The majority of the proteins fall on a straight line on the diagonal, with the abundance spanning three orders of magnitude. This result indicates that most of the proteins are evenly (or symmetrically) distributed, with the intensity in the mother cells the same as the intensity in the daughter cells; therefore the total amount of protein is proportional to the average cell volume of the two populations.
However, there is a small subset of proteins that deviate from the diagonal; they are either enriched in mother cells (below the diagonal) or enriched in the daughter cells (above the diagonal), and therefore asymmetrically distributed. We quantified the deviation from the diagonal by a z-score, defined as the vertical distance from the diagonal normalized by the standard deviation calculated from all of the strains (Methods). Mother-enriched proteins have a negative z-score, whereas daughter-enriched proteins have a positive z-score (Fig. 1C) .
We verified some of these asymmetrically partitioned proteins directly by microscopy and found that there is a clearly visible difference between mother and daughter cells for high z-score proteins ( Fig. S1 and images of ref. 25) . However, it is difficult to identify asymmetrically partitioned proteins with moderate z-scores from fluorescent images. Our method based on mother cell labeling and flow cytometry is much more sensitive and allows better quantification because a large number of cells (10 3 to 10 4 ) are measured for each GFP-tagged strain. To follow the dynamics of proteome partitioning, we performed experiments at three different time points after the original cell population was labeled with Cy5: 130 min, 170 min, and overnight (about 16 h). The first two time points compare mother and daughter cells with different degrees of maturation (the unlabeled daughter population becomes obvious around 130 min), whereas the third time point gives a comparison between labeled middleaged mother cells (∼10 generations old after overnight growth) and an unlabeled population that is a mixture of daughter cells and mother cells at different ages. A negative z-score for the first two time points indicates a protein enriched in mother cells, whereas a negative z-score for the third time point indicates that the protein is enriched in the middle-aged mother cells (∼10 generations old) compared with the general mixed-cell population. In general, the magnitude of the z-scores (thus, the asymmetry) decreases over time as the unlabeled cell population develops into more mature daughter cells and eventually becomes mixed with both mother and daughter cells ( Fig. S2 and Dataset S1).
Functional Bias of Mother-and Daughter-Enriched Proteins Suggests
Specific Mechanisms for Asymmetry. To analyze the biological function of asymmetrically partitioned proteins, we first performed gene ontology (GO) analysis. For each time point, we ranked genes by their z-scores from the most negative to the most positive and performed rank sum test for genes in each GO category associated with a specific molecular function, biological process, or cellular component. GO categories that ranked at the top tend to have more negative z-scores and are preferentially retained in mother cells, whereas GO categories ranked at the bottom are enriched in daughter cells. A number of GO categories are significantly enriched in either the mother or daughter cells (Fig. 2) . With a few exceptions, the statistical significance of these categories is generally highest at the 130-min time point, decreases at 170 min, and diminishes overnight, indicating that the asymmetry is highest between mother cells and newborn daughter cells.
Several clear functional themes emerge from the GO analysis. For daughter-enriched proteins, there is a strong bias toward certain cellular components, such as the cell cortex, cytoskeleton, site of polarized growth, and biological processes like endocytosis ( Fig. 2A) . Many of these proteins are known to be preferentially distributed to the bud neck, inside the bud, or at the bud tip (Dataset S2 provides a list of the daughter-enriched proteins discussed below). For example, the nuclear protein encoded by the LOC1 gene is required for the daughter-specific localization of the ASH1 mRNA, and CRN1 encodes a cortical actin cytoskeletal component that regulates actin patch assembly. This analysis indicates that proteins needed for the emergence, construction, and scission of the bud are enriched in daughter cells, possibility through active transport processes. Another theme for daughter-enriched proteins is reflected by those proteins localized at chromosomes or in the nucleus that function in chromatin organization. Examples are HST2, which encodes a cytoplasmic NAD(+)-dependent protein deacetylase and a member of the SIR2 family, and HMO1, a chromatin-associated high-mobility group family member involved in genome maintenance. This functional theme suggests that maintenance of chromatin in a silenced and repressive state at certain loci is important for the newborn daughter cells. Examination of GO categories enriched in mother cells revealed an interesting pattern suggestive of organelle-based asymmetry. Among highly significant GO categories are the vacuole and plasma membrane (cellular components) and transmembrane transporters (molecular function), many of them involved in ion and amino acid transport (Fig. 2B) . Because newly budded daughter cells do not inherit the plasma membrane from their mothers, it is expected that many proteins in the plasma membrane of the daughter cells need to be synthesized anew, and thus will appear depleted in the young daughter cells relative to the mother cells (or, equivalently, motherenriched). Somewhat unexpectedly, the most significant GO category is the vacuole, because a large number of proteins localized to the vacuole or vacuolar membranes are enriched in mother cells (rank sum test, P < 10
; Dataset S3 provides a list of the motherenriched proteins discussed below). This enrichment suggests that, quantitatively, the vacuole is unevenly distributed, although it is known that a daughter does inherit the vacuole from its mother in an active process (26, 27) .
To analyze specific asymmetrically partitioned proteins, we defined a set of mother-enriched and daughter-enriched proteins based on their z-scores at the three time points. For motherenriched proteins, we picked those proteins with strong negative z-scores at any of the three time points (z < −3.0) or with robust negative z-scores across time points (z < −1.0 for all three time points). Seventy-four genes are mother-enriched by these criteria. Similarly, 60 proteins are found to be daughter-enriched, defined by z > 3.0 at any time point or z > 1.0 across all three time points. These criteria ensure that the probability of including a random gene in either one of the lists is less than 0.008, assuming that the z-scores are independent and normally distributed.
GO enrichment analysis of the mother-enriched and daughterenriched proteins gave similar results to the rank sum test. For example, the membrane and vacuole are the two most significantly enriched categories for the mother-enriched proteins, with 37 of 74 proteins and 18 of 74 proteins annotated as localized to the membrane and vacuole, respectively (P = 2.2 * 10 −11 and P = 2 * 10 ) are the two most significant categories. In addition to the plasma membrane and vacuole, motherenriched proteins are found in other organelles. However, these organelles did not score as significantly in the GO analysis because most of the proteins localized in these organelles are symmetrically distributed. This observation suggests that proteins localized in symmetrically partitioned organelles can still be preferentially retained in the mother cell. For example, although most of the mitochondrially localized proteins are symmetrically distributed, several are found enriched in the mother cells, including the cytochrome C protein Cyc1, pyruvate dehydrogenase protein Pda1, the TCA cycle enzymes Idh2 and Kgd1, and the ATPase components Atp1 and Atp2. Interestingly, three of the six proteins (Pda1, Kgd1, and Atp1) are known to be associated with the mitochondrial nucleoid (28) . It has been shown that the actively replicating mitochondrial nucleoid is associated with the endoplasmic reticulum (ER)/mitochondria junction (29) . It is plausible that the part of the mitochondria tethered to the ER may not be partitioned symmetrically. Thus, asymmetry can be caused by asymmetric partitioning of a substructure of an organelle that is symmetrically partitioned overall.
Mother-Enriched Proteins Are More Likely to be Lifespan-Limiting. To analyze the relationship between cell division asymmetry and lifespan asymmetry, we focused on mother-enriched proteins. We reasoned that proteins preferentially retained in mother cells are more likely to be aging factors because their accumulation in the mother cells may be deleterious, eventually becoming lifespan-limiting. To test this hypothesis, we first examined the overlap between this set of genes and 228 long-lived mutants from a previous genomics screen (30) and found 13 that were in common [enrichment: P < 8.6 × 10 ]. We then measured the lifespan of the deletion mutants of all 74 mother-enriched proteins. Strikingly, we found that deletion of 23 of the 74 genes extends lifespan (Table 1) ; this fraction is approximately sixfold the frequency of lifespan extension observed in viable genomewide gene deletions. There are clear functional themes among these newly discovered lifespan-extending genes. Besides two genes involved in mitochondrial energy generation and several localized to the vacuole, we found three genes involved in endosomal sorting and endosome-tovacuole transport, including VPS24, encoding one of the four subunits of the endosomal sorting complex required for transport III (ESCRT-III) complex; DID2, encoding a class E protein of the vacuolar protein-sorting (Vps) pathway that binds Vps4p and directs it to dissociate from the ESCRT-III complex; and VPS60, encoding a protein involved in late endosome-to-vacuole transport (Fig. 3 A-C) . Interestingly, another component of the ESCRT-III complex, SNF7, is also mother-enriched. However, deletion of SNF7 leads to shortened lifespan. Snf7 is a core component of the ESCRT-III complex, suggesting that reduced but not abolished activity of the ESCRT-III complex extends lifespan. To our knowledge, our study represents the first time that genes involved in endosomal sorting/endosome-to-vacuole transport have been implicated in lifespan regulation, although it was known previously that ESCRT complexes are tightly linked to metabolic regulation and target of rapamycin (TOR) activity (31) .
As another functional theme, we found that deletion of three genes that encode various transporters for nitrogen sources extends lifespan. These genes are MEP2, encoding an ammonia transporter; CAN1, encoding an arginine transporter; and TPO3, encoding a polyamine transporter (Fig. 3 D-F) . The strong enrichment of transporters for nitrogen sources suggests there might be a common mechanism. It is possible that the unregulated uptake of nitrogen sources may lead to the overproduction of metabolic intermediates that become lifespan-limiting in aged cells.
Mother-Enriched and Lifespan-Limiting Proteins Tend to Accumulate
over Time in Aged Mother Cells. To connect the asymmetric division in young cells to the aging phenotype in old cells, we tracked how these proteins change over time in single mother cells throughout their lifespan, using a recently developed microfluidic device (32, 33) . We analyzed Did2p and Tpo3p, which represent a protein involved in endosomal sorting/endosome-to-vacuole transport and a nitrogen source transporter, respectively.
We followed the intensity of the proteins in single mother cells and their daughter cells as a function of the mother cell age (Fig.  4) . A common trend is that the protein level in the mother cells increases steadily as they age. As the protein level increases in the mother cell, the daughter cells also inherit more from the mother. However, there is a clear asymmetry between mother and daughter cells; this asymmetry keeps the protein level in the daughter cells low even when they are born from old mother cells. For Did2p, daughters born from old mother cells aged around 20 generations have a protein level comparable to middleaged mothers of about 10 generations. For Tpo3p, daughter cells (regardless of the age of their mothers) always have a level lower than the level of the young mother cells. It is known that the lifespan of daughter cells is independent of the age of their mother cells, except for the daughters produced in the last few cell divisions of the mother (3). A possible scenario is that these proteins become lifespan-limiting only when they reach the same level as in the old mother cells.
Discussion
One major mechanism for lifespan asymmetry between yeast mother and daughter cells is asymmetric division of cellular contents. Using a novel high-throughput approach, we have quantified the asymmetric partitioning of the yeast proteome between mother and daughter cells and identified proteins that are enriched in mother or daughter cells. These proteins are interesting candidates for the future investigation of the mechanisms of asymmetric cell division and aging.
How can a protein asymmetrically partition between mother and daughter cells? For a typically sized protein (∼400 amino acids) freely floating in cytosol, the time it takes to diffuse throughout the cell (a few microns in size) is a few seconds; thus, the concentration can quickly equilibrate between the mother and the bud, and it is difficult to develop asymmetry. Consistent with this notion, we observed that the majority of proteins are symmetrically distributed, with equal concentrations in mother and daughter cells. However, we did observe a subset of proteins that are preferentially distributed to one of the two cell types. Interestingly, motherspecific proteins are not more likely to form complexes [based on (5) 30 (45) 25 (45) the protein complex data from the Saccharomyces Genome Database (SGD), downloads.yeastgenome.org/curation/literature/ interaction_data.tab], further contraindicating diffusion constraints as a major mechanism of asymmetry. Instead, analysis of the mother-and daughter-enriched proteins suggested two scenarios for their asymmetric partitioning: (i) active transport and (ii) confinement within an organelle or a substructure of an organelle that is not symmetrically distributed. Proteins preferentially distributed to daughter cells are highly enriched for those proteins needed for the construction of the bud, many of which are delivered to bud neck and bud through active transport processes. Mother-specific proteins are highly enriched for those proteins localized to membranes or in the vacuole, suggesting that the vacuole is preferentially retained in the mother cell. This result is consistent with the observation that the vacuole in the mother cell keeps increasing in size as the cell ages, and eventually reaches a high-volume fraction of the cell. Quantitative analysis also revealed a faster than linear scaling of the vacuole size with the cell volume, consistent with a rapid increase of vacuole size as mother cells become older and bigger (27) .
We have observed preferential retention of a number of mitochondrial proteins (e.g., Kgd1, Pda1, Atp1) in the mother cells, even though the majority of mitochondrial proteins are symmetrically distributed. It is known that the mitochondria-to-cell volume ratio of daughter cells is very close to, and even slightly higher than, the mitochondria-to-cell volume ratio of their mother cells (34) . Therefore, the preferential retention of these mitochondrial proteins cannot be explained by the preferential distribution of mitochondria in mother cells. Kgd1, Pda1, and Atp1 are physically associated with the mitochondrial nucleoid and are likely bifunctional enzymes involved in both energy metabolism and mitochondrial genome maintenance (28) . Previous studies have shown that the actively replicating mitochondrial nucleoid is associated with the mitochondria/ER junction (29) . We thus conjecture that a substructure of mitochondria that is tethered to the ER is not equally transmitted to the daughter cell. Consistent with this conjecture is a recent observation showing that aggregated proteins in the ER are captured by mitochondria and preferentially retained in the mother cells (18) .
How does asymmetric protein partitioning connect with lifespan asymmetry? Our data show that mother-enriched proteins are more likely to have a lifespan extension phenotype when deleted, suggesting that they are more likely to become lifespanlimiting in old cells. Dynamic tracking of these proteins in single mother cells showed a steady increase to a high level in the old cells, whereas the daughter cells keep a relatively low level through asymmetry, arguing that the high concentration may be deleterious in old cells.
Thayer et al. (35) recently used isotope labeling and total proteome MS to identify long-lived asymmetrically retained proteins (LARPs). They identified several full-length proteins (Mrh1, Pma1, Sur7, Thr1, and Hsp26) and many protein fragments. We found that Pma1 is significantly enriched in mother cells (z-score of −4.5 for the 170 min), but is filtered out due to a small number of cells (Methods). Mrh1 is also in our list of mother-enriched proteins, but the deletion mutant is short-lived. Unlike the LARPs, which are long-lived proteins, the motherenriched proteins we identified have a normal half-life (Fig. S3) , and hence normal turnover. This observation suggests that the lifespan-limiting effect is not due to old and nonfunctional proteins; rather, it is the high concentration in mothers that interferes with cell homeostasis and/or leads to aberrant cell signaling, limiting lifespan.
Are there fitness benefits of the preferential retention of proteins in the mother cell? Theoretical studies suggest that asymmetric segregation may evolve as a general strategy to cope with cellular damage (9-11), conferring a fitness benefit at the population level by producing rejuvenated offspring at the expense of an aging parent. Such asymmetric segregation may operate at the level of the organelle, where the daughter cell synthesizes an organelle de novo or grows it from a seed inherited from the mother. Mother-specific retention may also confer a fitness benefit by ensuring that certain proteins (e.g., those proteins not needed for, or even inhibitory to, the early development of the bud) are expressed just in time in the daughter cell, and that their level of expression does not become too high in the daughter/young mother cells. Interestingly, we found that none of 74 mother-enriched proteins are essential, which is a significant depletion from the genome-wide average of about 18%.
The observed asymmetric distribution of many vacuolar proteins and the rapid increase in vacuole size as the mother cell ages suggest that vacuoles in old mother cells might be a major source of aging factors limiting lifespan. Interestingly, it was observed that the spores do not inherit the vacuole from the mother during meiosis (36) , and sporulation was found to rejuvenate the gametes generated from old cells (37) . Three of the 23 proteins we identified (Did2, Vps24, and Vps60) are involved in endosomal sorting and endosome-to-vacuole transport via the multivesicular body (MVB) pathway. It is known that the MVB pathway is strongly linked to the regulation of cellular metabolism, and mutants of ESCRT complexes exhibit decreased TOR activity (31, 38) . Interestingly, chemical-genetic profiling in yeast revealed that DID2 and VPS60 deletion mutants show strong sensitivity to rapamycin treatment (39) , adding to the evidence that these genes positively influence TOR activity. Thus, one possible scenario is that accumulated proteins involved in endosomal sorting and endosome-to-vacuole transport eventually lead to aberrant TOR signaling that limits the lifespan. Consistent with this scenario, our dynamic tracking of the protein Did2 showed that a decrease of the concentration later in life in a subset of cells correlates with a longer lifespan (Fig. 4A) .
In this study, we have focused mainly on mother-enriched proteins. However, our genome-wide screening also produced a comprehensive set of daughter-enriched proteins. These proteins may be important for bud development, or may act as rejuvenating factors necessary for the reset of the lifespan. Data from our genome-wide screening indicate that the deletion mutants are enriched for those mutants with an increased lifespan (Dataset S4). For example, deletion of CRN1 and LOC1, involved in construction of the bud-and daughter-specific mRNA localization, significantly extends lifespan; the latter is consistent with a previous finding (40) . The enrichment of lifespan-extending mutants is consistent with the antagonistic pleiotropy hypothesis that genes beneficial to early development may become detrimental later in life (41) . This hypothesis has been explored in other species (e.g., in worms), where a strong overlap between longevity genes and genes important for development was observed (42) . For potential rejuvenating factors, we expect that the deletion will shorten lifespan. We did found a number of mutants with a significantly shortened lifespan, among them SRS2 and HMO1, which are involved in DNA repair and genome maintenance.
In summary, we have used a high-throughput approach to identify asymmetrically distributed proteins between mother and daughter cells during division. Proteins enriched in mother cells also tend to be lifespan-limiting, suggesting that their accumulation during mother cell aging is restrictive to continued cell division. We also identified a set of daughter-enriched proteins with lifespan phenotypes. These findings set the stage for a comprehensive understanding of cell division asymmetry and replicative aging in yeast, and point to a number of new mechanisms that may modulate aging in more complex eukaryotes.
Methods
All strains of Saccharomyces cerevisiae used in high-throughput flow cytometry screening were taken from the GFP tagging library (25) . Deletion strains used for lifespan analysis were derived from BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0). Yeast cultures were grown in selective minimal media containing 2% (mass/vol) glucose.
Replicative lifespan analysis and single-cell tracking using the microfluidic device were performed as previously described (33, 43, 44) .
Protocols for cell staining and flow cytometry experiments and FACS data analysis and z-score calculation are described in SI Methods.
